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A REPLACEMENT GATE STRAINED SILICON FINFET PROCESS 

FIELD OF THE INVENTION 

[0001] The present invention relates generally to 
integrated circuits (ICs) and methods of manufacturing integrated circuits. 
More particularly, the present invention relates to a method of fabricating 
integrated circuits having transistors with a fin-shaped channel region or 
finPETS. 

BACKGROUND OF THE INVENTION 

[0002] Integrated circuits (ICs), such as ultra-large-scale 
integrated (ULSI) circuits, can include as many as one million transistors 
or more. The ULSI circuit can include complementary metal oxide 
semiconductor (CMOS) field effect transistors (PETS). Such transistors 
can include semiconductor gates disposed above a channel region and 
between source and drain regions. The source and drain regions are 
typically heavily doped with a P-type dopant (e.g., boron) or an N-type 
dopant (e.g., phosphorous). 

[0003] Double gate transistors, such as vertical double 
gate silicon-on-insulator (SGI) transistors or finPETS, have significant 
advantages related to high drive current and high immunity to short 
channel effects. An article by Huang, et al. entitled "Sub-50 nm PinPET: 
PMOS" (1999 lEDM) discusses a silicon transistor in which the active 
layer is surrounded by a gate on two sides. However, double gate 
structures can be difficult to manufacture using conventional IC 
fabrication tools and techniques. Further, patterning can be difficult 
because of the topography associated with a silicon fin. At small critical 
dimensions, patterning may be impossible. 
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[0004] By way of example, a fin structure can be located 
over a layer of silicon dioxide, thereby achieving an SOI structure. 
Conventional finFET SOI devices have been found to have a number of 
advantages over devices formed using semiconductor substrate 
construction, including better isolation between devices, reduced leakage 
current, reduced latch-up between CMOS elements, reduced chip 
capacitance, and reduction or elimination of short channel coupling 
between source and drain regions. While the conventional finFET SOI 
devices provide advantages over MOSFETs formed on bulk semiconductor 
substrates due to its SOI construction, some fundamental characteristics 
of the finFET, such as carrier mobility, are the same as those of other 
MOSFETs because the finFET source, drain and channel regions are 
typically made from conventional bulk MOSFET semiconductor materials 
(e.g., silicon). 

[0005] The fin structure of finFET SOI devices can be 
located below several different layers, including a photoresist layer, a 
bottom anti-reflective coating (BARC) layer, and a polysilicon layer. 
Various problems can exist with such a configuration. The photoresist 
layer may be thinner over the fin structure. In contrast, the polysilicon 
layer and BARC layer may be very thick at the edge of the fin structure. 
Such a configuration leads to large over-etch requirements for the BARC 
layer and the polysilicon layer. Such requirements increase the size of the 
transistor. 

[0006] There is a need for an integrated circuit or 
electronic device that includes channel regions with higher channel 
mobility, higher immunity to short channel effects, and higher drive 
current. Further, there is a need for a method of patterning finFET 
devices having small critical dimensions. Even further, there is a need for 
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a method of fabricating strained silicon fin-shaped channels for finFET 
devices. Further still, there is a need for a finFET device with a strained 
semiconductor fin-shaped channel region. Yet even further, there is a 
need for a process of fabricating a finFET device with a strained 
semiconductor fin-shaped channel. 

SUMMARY OF THE INVENTION 

[0007] An exemplary embodiment relates to a method of 
forming a fin-shaped transistor. The method includes providing a 
sacrificial fin structure in a compound semiconductor layer, removing the 
sacrificial fin structure to form a trench in the compound semiconductor 
layer, and providing a fin-shaped strained silicon structure within the 
trench. The trench is associated with the fin-shaped transistor. The 
method also includes forming a gate structure for the fin-shaped strained 
silicon structure. 

[0008] Another exemplary embodiment relates to a 
method of forming a finFET. The method includes providing a first layer 
above an insulating layer above a substrate. The first layer includes 
silicon germanium and a fin structure. The method also includes removing 
the fin structure to form an aperture in the first layer, providing a strained 
material within the aperture, and providing a gate structure for the 
strained material. The gate structure is used to form the finFET. 

[0009] Yet another exemplary embodiment relates to a 
method of fabricating an integrated circuit including a fin-based transistor. 
The method includes steps of providing an insulative material, providing a 
strain-inducing layer above the insulative material. The strain-inducing 
layer includes a narrow trench. The narrow trench includes the sacrificial 
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fin structure. The method also includes removing the sacrificial fin 
structure and forming a strained material in the trench. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0010] Exemplary embodiments will hereafter be described 
with reference to the accompanying drawings, wherein like numerals 
denote like elements, and: 

[0011] FIGURE 1 is a flow diagram depicting exemplary 
operations in a process for forming a fin-based transistor for an integrated 
circuit in accordance with an exemplary embodiment; 

[0012] FIGURE 2 is a general schematic planar top view of 
a portion of an integrated circuit including a sacrificial fin structure for the 
process shown in FIGURE 1 in accordance with an exemplary 
embodiment; 

[0013] FIGURE 3 is a schematic cross-sectional view of 
the portion of the integrated circuit illustrated in FIGURE 2 taken across 
line 3-3 in accordance with an exemplary embodiment; 

[0014] FIGURE 4 is a schematic cross-sectional view of 
the portion of the integrated circuit illustrated in FIGURE 2 taken across 
line 4-4 in accordance with an exemplary embodiment; 

[0015] FIGURE 5 is a schematic cross-sectional view of a 
portion of the integrated circuit illustrated in FIGURE 3 showing a gate 
conductor removal operation in accordance with the process illustrated in 
FIGURE 1; 
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[0016] FIGURE 6 is a schematic cross-sectional view of 
the portion of the integrated circuit illustrated in FIGURE 4 showing the 
gate conductor removal operation; 

[0017] FIGURE 7 is a schematic cross-sectional view of 
the portion of the integrated circuit illustrated in FIGURE 5 showing a gate 
oxide and fin structure removal in accordance with the process illustrated 
in FIGURE 1; 

r 

[0018] FIGURE 8 is a schematic cross-sectional view of 
the portion of the integrated circuit illustrated in FIGURE 6 showing the 
gate oxide and fin structure removal operation; 

[0019] FIGURE 9 is a schematic cross-sectional view of 
the portion of the integrated circuit illustrated in FIGURE 7 showing a 
strained silicon formation operation in accordance with the processes 
illustrated in FIGURE 1 ; 

[0020] FIGURE 10 is a schematic cross-sectional view of 
the portion of the integrated circuit illustrated in FIGURE 8 showing the 
strained silicon formation; 

[0021] FIGURE 1 1 is a schematic cross-sectional view of 
the portion of the integrated circuit illustrated in FIGURE 9 showing a gate 
formation operation in accordance with the process illustrated in FIGURE 
1. 

[0022] FIGURE 1 2 is a schematic cross-sectional view of 
the portion of the integrated circuit illustrated in FIGURE 10 showing the 
gate formation operation; 
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[0023] FIGURE 13 is a schematic cross-sectional view of 
the portion of the integrated circuit illustrated in FIGURE 1 1 showing a 
doping step; and 

[0024] FIGURE 14 is a schematic cross-sectional view of 
the portion of the integrated circuit illustrated in FIGURE 12 showing a 
doping step. 

DETAILED DESCRIPTION OF EXEMPLARY EMBODIMENTS 

[0025] FIGURE 1 is a flow diagram depicting exemplary 
operations in a method or process 1 0 of fabricating a fin-based transistor 
or fin field effect transistor (finFET). In particular, process 10 
advantageously utilizes a sacrificial structure to form a recess and forms a 
strained fin-based channel region in the recess. The flow diagram of 
FIGURE 1 illustrates by way of example some operations that may be 
performed. Additional operations, fewer operations, or combinations of 
operations may be utilized in various different embodiments of process 
10. 

[0026] Process 10 begins with a conventional finFET 
structure disposed in an aperture in a compound semiconductor layer. 
The conventional finFET structure Includes a sacrificial gate and a 
sacrificial fin structure. 

[0027] In FIGURE 1, process 10 utilizes a substrate 
including a sacrificial gate structure and a compound semiconductor layer 
formed in a step 15. In one embodiment, the compound semiconductor 
layer can be deposited over an insulative layer including a sacrificial fin 
structure and a sacrificial gate structure over the sacrificial fin structure. 
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The compound semiconductor layer is planarized to have a height that is 
co-planar vyith the height of the sacrificial gate structure. 

[0028] In one embodiment, the sacrificial gate structure is 
a different material than the compound semiconductor material and is 
patterned above the insulating layer before the compound semiconductor 
layer is deposited. After the sacrificial fin structure is patterned, it is 
coated with a dielectric material and a gate conductor to complete the 
sacrificial gate structure. 

[0029] In another embodiment, the sacrificial gate 
structure is formed from the compound layer. In this embodiment, the 
compound semiconductor layer is deposited above a insulating layer 
above the substrate and patterned to form sacrificial fin structures for 
step 15. The sacrificial fin structure can be patterned in the compound 
and semiconductor layer according to a conventional photolithographic 
process. A sacrificial gate structure is formed over the sacrificial fin 
structure. 

[0030] The sacrificial fin structure and sacrificial gate 
structure can be manufactured from a variety of materials. Preferably, 
the materials of the gate structure are different than those used to form 
the compound semiconductor layer. The structures can be formed in 
accordance with conventional processes. Preferably, the sacrificial fin 
structure is relatively narrow from left to right and has a high aspect ratio 
(e.g., dimensions of approximately 20 nanometers by 50 nanometers). 

[0031] In a step 25 of process 10, the sacrificial gate 
structure is removed to leave the sacrificial fin structure within an 
aperture or trench provided in the compound semiconductor layer. In a 
step 35, the sacrificial fin structure is removed from within the trench. 
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Various etching processes can be utilized to remove the sacrificial gate 
and fin structures. Preferably, separate dry etching operations selective 
to the materials in the sacrificial structures are utilized to excavate the 
trench. 

[0032] In a step 45 of process 10, a strained silicon fin 
structure is formed in the trench. Preferably, the sidewalls associated 
with the trench in the compound semiconductor layer are utilized to form 
the strained silicon fin. The strained silicon fin can be laterally grown 
using the side wall of the trench in the compound semiconductor layer as 
a seed surface. The trench preferably includes a bottom which is used as 
a top surface of the insulative layer upon which the compound 
semiconductor layer is deposited. The strained channel may be formed 
using a selective epitaxy process. 

[0033] In a step 75 of process 10, a gate structure is 
provided to complete a fin-based transistor. The gate structure can 
include a metal or polysilicon gate conductor disposed over a dielectric 
film. In one embodiment, the gate structure surrounds the fin-based 
channel region on at least three sides and has a U-shaped cross-sectional 
shape. 

[0034] With reference to FIGURES 1-1 2, process 10 is 
utilized to form a portion of an integrated circuit 1 00 that includes a fin- 
based transistor or finFET. FIGURES 3, 5, 7, 9, 11, and 13 reflect cross- 
sectional views about line 3 — 3 in FIGURE 2. FIGURES 4, 6, 8, 10, 12, 
and 14 reflect cross-sectional views about line 4 — 4 in FIGURE 2. 
FIGURES 2-14 are approximate, are not drawn to scale, and provide a 
conceptual interpretation of process 10 and its structures. 
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[0035] In FIGURE 2, the fin-based transistor includes a 
source region 22 and a drain region 24 disposed on opposite sides of a 
fin-shaped strained silicon channel region 188. A gate conductor 190 is 
disposed over channel region 188 and a gate dielectric layer 192 
(FIGURES 1 1 and 12). Gate conductor 190 and layer 192 are provided 
on three sides of channel region 1 88 and have a U-shaped cross-sectional 
shape (FIGURE 1 1). Channel region 188 is disposed in a trench 180. 

[0036] In FIGURE 12, gate conductor 190 has a 
rectangular cross-sectional shape and is disposed above dielectric layer 
192 above a top surface of fin-shaped channel region 188. Gate 
conductor 190 can be a metal layer or can be a polysilicon layer (e.g., a 
doped polysilicon layer). Gate conductor 190 is preferably a layer of 
polysilicon having a thickness between approximately 50 nanometers and 
1 50 nanometers and is heavily doped with dopants. 

[0037] Dielectric layer 1 92 can be made of any suitable 
material for use in gate structures. In one embodiment, dielectric layer 
190 is thermally grown silicon dioxide having a thickness of between 
approximately 3 and 20A. In another embodiment, dielectric layer 192 is 
a high-K gate dielectric layer, a silicon nitride layer, or another insulator. 

[0038] Dielectric layer 1 92 and gate conductor 1 9P form a 
gate structure on lateral sides 1 63 and above a top surface 1 67 of fin- 
shaped channel region 188 (see FIGURE 11). Alternatively, gate 
conductor 1 90 can be provided only adjacent lateral sides 1 63 of channel 
region 188. Tensile strain of channel region 188 is preferably obtained 
through epitaxial growth seeded from a compound semiconductor layer 
142, such as a silicon germanium layer. Preferably, the seeding occurs at 
least one of surfaces 199 associated with layer 142. 
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[0039] In FIGURE 12, dielectric layer 192 covers only 
channel region 188 and is provided only under gate conductor 190. In 
another embodiment, source region 22 and drain region 24 are covered by 
dielectric layer 192 on all sides. Regions 22 and 24 can include 
extensions to reduce short channel effects. 

[0040] Preferably, fin-shaped channel region 1 88 is a 
tensile-strained silicon material manufactured in accordance with process 
10. Although shown in FIGURES 2, 1 1 and 12 with a U-shaped gate 
structure, channel region 1 88 can be utilized with a variety of different 
types and shapes of gate structures. Gate conductor 190 and dielectric 
layer 192 are not shown in a limiting fashion. Conductor 190 can have a 
thickness of between approximately 50 nanometers and 1 50 nanometers 
and dielectric layer 1 92 can have a thickness of between approximately 
0.5 nanometers and 1 .5 nanometers. 

[0041] Preferably, the length (from top to bottom in 
FIGURE 2) from an end of source region 22 to an end of drain region 24 is 
between approximately 30 nanometers and 100 nanometers and a width 
(from left to right of channel region 188 in FIGURE 2) of source and drain 
regions 24 Is between approximately 20 nanometers and 1 00 
nanometers. Source region 22 and drain region .24 include a strained 
silicon material, a single crystalline material, or a compound 
semiconductor material. In one embodiment, regions 22 and 24 are made 
of a doped version the same material as layer 142 (FIGURE 12). Regions 
22 and 24 are preferably doped with N-type or P-type dopants to a 
concentration of 10^"^ to 10^° dopants per cubic centimeter. Regions 22 
and 24 can be doped at any point in process 10 (although shown herein 
as being doped in FIGURES 13 and 14). 
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[0042] With reference to FIGURES 3 and 4, a portion of 
layer 142 acts as a sacrificial fin-shaped channel region or structure. 
Insulative layer 130 is preferably a buried oxide (BOX) structure, such as 
a silicon dioxide layer. In one embodiment, layer 130 has a thickness of 
between approximately 30 nanometers and 200 nanometers. Layer 130 
can be provided above any type of substrate or may be a substrate itself. 

[00431 In one embodiment, insulative layer 130 is provided 
above a semiconductor base layer 1 50 such as a silicon base layer. 
Layers 1 30 and 1 50 can comprise a silicon or semiconductor-on-insulator 
(SOI) substrate. Alternatively, layer 142 can be provided above other 
types of substrates and layers. However, the preferred embodiment 
provides layer 142 above an insulating layer such as a buried oxide layer 
(BOX) above a silicon substrate. Alternatively, layers 1 30 and 1 50 
including sacrificial fin-shaped portion of layer 142 can be purchased from 
a wafer manufacturer. 

[0044] Layer 142 (FIGURE 4) is preferably a compound 
semiconductor layer or a strain-inducing semiconductor layer, such as a 
silicon germanium layer. Layer 1 42 is disposed above layer 1 30 and 
preferably a composition of Sii-xGex, where X is approximately 0.2, and is 
more generally in the range of 0.1 to 0.3. Various methods can be 
utilized to produce layers 130, 140, and 150, including chemical vapor 
deposition (CVD). Layer 142 is preferably provided as a 50 nanometer 
thick layer and induces strain in subsequently formed region 188. 

[0045] A sacrificial gate dielectric layer 1 70 and a 
sacrificial gate conductor or structure 1 65 can be provided above layer 
142 in accordance with step 15 of process 10. Gate conductor 165 is 
preferably a polysilicon material and gate dielectric 1 70 is preferably a 
dielectric material. Gate dielectric 170 can be silicon nitride (SisNA). 
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[0046] With reference to FIGURES 5-8, after gate 
conductor 165 is provided, a TEOS-deposited dielectric layer 172 is 
provided over sacrificial gate conductor 165 and layer 130. An aperture 
or trench 180 is provided in layer 142 in accordance with step 25 of 
process 10 (FIGURE 1). Preferably, trench 180 has a bottom that is 
coplanar with a top surface of layer 130. Alternatively, the bottom of 
trench 1 80 can terminate before layer 1 30. Various dimensions can be 
utilized for trench 1 80 depending upon design criteria and system 
parameters for the fin-based transistor. 

[00471 Preferably, the first portion of trench 1 80 is formed 
by polishing dielectric layer 172 to expose gate conductor 165. 
Thereafter, a portion of gate conductor 1 65 is removed in an anisotropic 
etching step selective to the material of gate conductor 165. A dry 
etching process selective to polysilicon can remove the portion of gate 
conductor 165. Portions 182 of gate conductor 165 protected by layer 
172 remain within aperture 180. Sacrificial gate dielectric 170 serves as 
an etch stop for the removal of sacrificial gate conductor 165. 

[0048] With reference to FIGURES 7 and 8, trench 180 is 
completed in accordance with step 35 of process 10. Sacrificial gate 
dielectric 1 70 can be removed in an anisotropic dry etching step selective 
to 170 (e.g., silicon nitride). If the material associated with gate dielectric 
170 and layer 172 are the same, a mask can be provided over layer 172 
to protect it. Preferably, layer 170 is removed in a dry etching step. 

[0049] The portion of layer 1 42 acting as a sacrificial fin 
region is also removed in a dry etching^ step in accordance with step 35 of 
process 10 to complete trench 180. Such region is preferably removed in 
an anisotropic dry etching technique selective to layer 142. 
Advantageously, regions 22 and 24 are protected by layer 1 72 during this 
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etching step. Alternatively, masks can be utilized to protect regions 22 
and 24. 

[0050] In one embodiment, the trench depth is 
approximately equal to the sum of the fin height and the gate conductor 
thickness. In this embodiment, the trench width is approximately the sum 
of the fin width and twice the gate conductor thickness. 

[0051] In one embodiment, trench 180 can be formed in a 
photolithographic process to protect the portion of the IC that should not 
be removed. In one such process, antireflective coatings, hard masks, 
and photoresist materials are utilized to pattern a layer or layers above 
layer 142. The patterned layer or layers are used to create trench 180. 

[0052] With reference to FIGURES 9 and 10, a strained 
fin-based channel structure or region 188 (e.g., a strained-Si MOSFET 
channel region) is formed above layer 1 30 in step 45 of process 1 0 
(FIGURE 1). Preferably, channel region 188 fills only a portion of trench 
180. In one preferred embodiment, region 188 is formed by selective 
silicon epitaxial growth using compound semiconductor layer 142 as a 
seed surface. Preferably, trench 180 is relatively narrow so that the 
region 188 can be epitaxially grown. 

[0053] Region 1 88 is a strained layer since its lattice is 
aligned with that of the compound semiconductor layer 142 that has a 
larger lattice constant. Surfaces 199 of trench 180 (FIGURE 10) serve as 
a seed for crystalline growth of structure or region 188. The silicon 
germanium lattice associated with layer 142 results in a more widely 
spaced interstitial silicon lattice in region 1 88, thereby creating a tensile 
strain in region 188. As a result, the epitaxial silicon associated with 
region 188 is subject to tensile strain. 
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[0054] The application of tensile strain to region 1 88 
causes 4 of 6 silicon valance bands associated with the silicon lattice to 
increase in energy and 2 of its valance bands to decrease in energy. As a 
result of quantum effects, electrons effectively weigh approximately 30% 
less when passing through the lower energy bands of the strained silicon 
in region 188. As a result, carrier mobility is dramatically increased in 
region 188, offering the potential increase in mobility of 80% or more for 
electrons and 20% or more for holes. The Increase in mobility has been 
found to persist for current fields of up to 1 .5 megavolts/centimeters. 
These factors are believed to enable a device speed increase of 35% 
without further reduction of size, or 25% reduction in power consumption 
without a reduction in performance. 

[0055] In one embodiment, trench 180 can be completely 
filled with the material for region 1 88 and thereafter patterned in a 
photolithographic process to leave region 1 88 within trench 1 80. 
According to such process, portions on the left and right side (in FIGURE 
9) of the material filling trench 180 are removed to leave region 188. 
Regions 200 and 202 of material may be left behind following such 
removal process used to form region 188. An etching process selective 
to strained silicon with respect to layer 1 72 can be utilized to form region 
1 88 in accordance with such an embodiment. 

[0056] With reference to FIGURES 1 1 and 12, a gate 
dielectric layer 192 is formed in accordance with step 175 of process 10 
(FIGURE 1). Layer 192 can be thermally grown or deposited to a 
thickness of between approximately 0.5 nanometers and 1.5 nanometers 
on the three exposed sides of channel structure 188. Gate conductor 
1 90 is provided to complete the gate structure. Gate conductor 1 90 can 
be approximately 50-150 nanometers thick polysilicon layer deposited by 
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CVD. Conventional IC processes can be utilized to provide contacts, 
interconnect layers, etc. 

[0057] As shown in FIGURES 13 and 14, layer 172 is 
removed, after which a dopant implant for the source region 22, drain 
region 24, and gate conductor 1 90 is provided (represented by arrows 
204 in FIGURES 13 and 14). 

[0058] It is understood that while the detailed drawings, 
specific examples, material types, thicknesses, dimensions, and particular 
values given provide a preferred exemplary embodiment of the present 
invention, the preferred exemplary embodiment is for the purpose of 
illustration only. The method and apparatus of the invention is not limited 
to the precise details and conditions disclosed. Various changes may be 
made to the details disclosed without departing from the scope of the 
invention which is defined by the following claims. 
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